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A B S T R A C T
Consolidation of a prepreg layup to a target thickness is critical in order to achieve the required ﬁbre volume
fraction and dimensions in a composite part. Experiments show that diﬀerent processing conditions lead to
diﬀerent levels of compaction and variability in the thickness. This paper presents an analysis of processing
conditions and their eﬀects on consolidation of thick composite components. A model that accounts for both
percolation and squeezing ﬂow is employed to study two toughened prepreg systems – IM7/8552 and IMA/M21.
This paper analyses the signiﬁcance of the process parameters on the thickness of prepregs and its variability.
The analysis of diﬀerent layups and processing conditions suggests several strategies to control target thickness
and its variability. The IMA/M21 prepreg system was found to have lower variability due to its toughening
mechanism. The presented results provide a better understanding of the composite manufacturing and can be
used to provide an informed choice in design for manufacture of composite structures.
1. Introduction
Increasing eﬀort to reduce the cost and design time of composite
components has resulted in adopting digital manufacturing, where each
stage of the process, e.g. draping [1] or resin infusion [2], is simulated
numerically. Simulation of the manufacturing processes makes it pos-
sible to predict the ﬁnal geometry of a part, its performance and to
optimise the manufacturing strategy to mitigate possible defects such as
wrinkles [3]. Modelling of the consolidation process predicts the ﬁnal
thickness of the part and can help to predict possible defects arising
from non-uniform compaction e.g. ply waviness or out of tolerance.
Previously, such predictions were focused on predicting the ﬁnal shape
and thickness of the various composite parts e.g. corner parts [4–6].
However, some of the defects have a stochastic nature [7] i.e. their
location and severity is not predetermined only by the geometry or
processing conditions but arise from the stochastic nature of material
properties and variations in conditions. In the light of these un-
certainties, even manufacturing of a ﬂat laminate can result in an in-
consistent thickness between the trials, which can particularly be an
issue for thick laminates. The tolerance on the ﬁnal thickness of a la-
minate for industrial applications can be as tight as± 0.3 mm on a part
of any thickness. Such tolerance means that the coeﬃcient of variation
of thickness of a 20mm laminate should be as small as 0.5%. The
problem of reducing the variation of the thickness is discussed and
analysed in this paper.
Diﬃculties with deviation of the as-manufactured thickness from
the value set by design is currently resolved by shimming, which in-
creases parts weight, or adding sacriﬁcial plies and then machining to
the target value, which gives additional costs to the manufacturing.
Defects related to the prepreg compaction can also arise when a com-
posite part is manufactured using two rigid tools. First, an over-thick
lay-up can prevent tooling closure or tool stand-oﬀ preventing full
consolidation of parts of the laminate. Second, manufacturing of a ta-
pered laminate can generate moderate waviness, even when a suitable
design of tool geometry is chosen as shown in Fig. 1. In the case of an
over-thick lay-up, if the design is implemented in the absence of ac-
curate data or models of compressibility of the prepregs, then the
thicker part of a tapered laminate generates severe wrinkles as shown in
Fig. 2. These examples show that predicting the thickness to which the
laminate can be compacted is important for avoiding defects in com-
posite manufacturing. More precise manufacturing can help to reduce
or completely avoid these diﬃculties.
This paper employs the hyper-viscoelastic consolidation model re-
cently presented by Belnoue et al. [8] to investigate the eﬀect of
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material and geometric uncertainties on the ﬁnal thickness of thick, ﬂat
laminates. This validated consolidation model makes it possible to take
into consideration the geometric and material parameters as well as a
range of processing conditions. The results are presented in the form of
several case studies each illustrating one possible strategy to improve
the dimensional tolerance of thick laminates.
As highlighted in two separate review papers by Hubert and
Poursartip [9] and Engmann et al. [10] respectively, traditional nu-
merical analysis for composite processing is based on either the as-
sumption that, under compaction, the system of resin and ﬁbres de-
forms as a homogenous medium, where the viscous resin moves the
ﬁbres, or that the resin is so thin that it can ﬂow through the stationary
ﬁbre bed. The ﬁrst assumption is usually made in the case where the
resin is a thermoplastic and this is modelled using squeezing ﬂow
theories [11]. The second assumption, on the other hand, is usually
made in the case of thermoset resins and is mathematically represented
through bleeding ﬂow theories such as Darcy’s law [12]. However,
studying the consolidation and cure of composite precursors laid over
female and male L-shaped tools, Hubert and Poursatip [5] suggested
that in the case of modern thermoset systems where thermoplastic is
added to the base resin in order to improve the mechanical properties of
the ﬁnished part, both squeezing and bleeding ﬂow co-exist. Based on
these observations and on new experimental data produced by Ivanov
et al. [13] and Nixon-Pearson et al. [14], Belnoue et al. [8] have
recently proposed a new phenomenological model for toughened pre-
preg systems that was shown to be able to account for both ﬂow re-
gimes concurrently, and was robust enough to make accurate thickness
predictions for a wide range of process parameters.
In the last 20 years or so, consolidation models have been used for
the prediction of the ﬁnal geometry of parts formed around a tool
where some non-uniform thickness was expected due to non-uniform
pressure distribution (e.g. a corner region in L-shape parts). These
studies (e.g. [5,6,15]) were mainly concerned with prediction and ex-
perimental evaluation of the ﬁnal shape of the specimen, especially
corner parts, and were able to detect the eﬀect of lay-up on the shape or
the eﬀect of processing conditions on thickness of ﬂat laminates. The
latest research [3,16,17] has shown that more advanced models can
predict geometry of complex shape specimens.
Having an ability to model complex geometries and processing
conditions, it becomes important also to incorporate uncertainties into
the modelling strategy. A review of possible uncertainties arising in the
manufacturing of composites was given by Mesogitis et al. [18]. It de-
scribes uncertainty in draping, permeability and curing stages of man-
ufacturing. In most cases modelling was focused on predicting the
variability in the homogenised properties e.g. permeability, based on
the variability in meso-scale architecture. Eﬀect of ply thickness on
mechanical properties and its relation to variability of the laminate
thickness was studied by Zhang et al. [19]. The study showed that
Fig. 1. Micrographs of the taper and thin section of the baseline conﬁguration.
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laminate failure probability is aﬀected by ply thickness variability.
However, studies relating the distribution of the ply thickness to the
manufacturing process or to the variability in laminate thickness are
rarer. The aim of this paper is to understand the processing conditions
that can be used to control the variability of ply and laminate thick-
nesses.
The paper gives a brief description of the consolidation experiments
[14], observed physical phenomena and consolidation model [8] in
Section 2. A parametric study in Section 3 ranks processing parameters
by their impact on the cured ply thickness. Section 4 presents analysis
of available and new experimental data and numerical stochastic
modelling based on Monte Carlo simulations using the realistic material
model. Several case studies, including various layups and re-
presentative processing conditions, are considered in order to illustrate
which parameters have higher signiﬁcant on the consolidation of the
prepregs. The paper provides a new insight into the ways the processing
strategy can be adjusted to reduce variability in thickness of thick la-
minates.
2. Development of the consolidation model
2.1. Brief summary of experimental programme
Two aerospace grade toughened prepreg systems from Hexcel® were
investigated, namely IM7/8552 (nominal cured ply thickness of
0.131mm) and IMA/M21 (nominal cured ply thickness of 0.184mm).
The toughening strategy of the prepregs diﬀers: the two base resin are
very similar “second generation” epoxies but in IMA/M21 an extra
fraction of thermoplastic particles is added, which forms an interlayer
between the plies. The particles comprising the interlayer have char-
acteristic dimensions ranging from 15 µm to 25 µm that are larger in
size than the inter-ﬁbre distance and so they cannot enter the ﬁbre bed.
This interlayer, together with the greater viscosity and thickness of
IMA/M21 plies, prevents merging of adjacent plies.
A series of the compaction tests was conducted on cruciform sam-
ples in [14], as shown in Fig. 3. Two in-plane dimensions of the central
zone (15×15mm and 30×30mm) and three stacking sequences of
16 plies, cross-ply (CP) – [90/0]8, semi-blocked ply (SB) – [902/02]4,
blocked ply (BP) – [904/04], were considered. The specimens were
loaded in two compaction regimes: a slow monotonic loading, and a
Fig. 2. Micrographs of the taper and thin section of +5% over-thick conﬁguration.
Fig. 3. a) Dimensions of compaction specimens; b) Lay-up of compaction spe-
cimens (adapted from [14]).
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ramp-dwell regime where the fast application of load was followed by
long dwell at a constant load. The ﬁnal load of 60 N was achieved in
1200 s for baseline specimens in both regimes. The initial load for the
ramp-dwell programme was 20 N and the ﬁnal load was achieved in
several steps with 10 N increment. The initial load for the scale-up
specimens was set to 80 N and the increment step of 40 N was applied.
Experiments were performed over a range of temperatures from 30 °C to
90 °C with 10 °C steps for the samples with various thickness-to-width
ratio of the ply blocks (in the CP, SB and BP conﬁgurations in-plane
dimensions are kept constant as the ply block thickness is increased).
The eﬀect of the temperature and thickness-to-width ratio is shown in
Fig. 4. The experiments revealed that both prepreg systems have a
certain compaction limit (i.e. the thickness at which further compaction
is minor and only possible at loads much greater than available in
conventional manufacturing). Diﬀerences in toughening strategies
translated into a diﬀerence in the compaction limits, with IMA/M21
having a thicker compaction limit than the IM7/8552 system, in other
words IMA/M21 system is less compactable. The observations showed
that the thermoplastic interlayer in IMA/M21 was eﬀectively separ-
ating the plies of the same orientation and to some extent preventing
them from merging as shown in Fig. 5. The test matrix for the experi-
ments along with the detailed discussion of the experimental ﬁndings
can be found in the original paper by Nixon-Pearson et al. [14].
2.2. A brief description of the material model
The experimental program brieﬂy summarized in the previous sec-
tion highlighted the following properties for toughened prepreg under
processing conditions:
▪ The presence of strong size eﬀects, similar to those observed in
thermoplastic-based systems [20–22], with wide and thick prepreg
pieces being a lot more compressible than thin and wide tapes;
▪ The existence of a compaction limit where further evolution of
thickness is hardly possible at further increase of temperature and
pressure. This is similar to what is normally observed in thermoset-
based prepreg [23];
▪ The co-existence of squeezing and bleeding ﬂows as already ob-
served by Hubert and Poursatip [5].
From a modelling perspective being able to take account of
squeezing and bleeding ﬂow simultaneously is challenging.
Traditionally, squeezing ﬂow theories are based on the assumption that
the apparent viscosity of the system made of the resin and the ﬁbres can
be multiplicatively decomposed into a strain dependent (i.e. elastic)
term and a strain rate (i.e. viscous) dependent term. On the other hand,
Darcy’s law, which is usually used to describe bleeding ﬂow, uses an
additive decomposition of the same terms. The incompatibility between
the two assumptions makes it diﬃcult to build a theory where the two
types of ﬂow coexist. However, studying the viscoelastic response of
short ﬁbres impregnated with low viscosity resins, Kelly [24] suggested
that bleeding ﬂow could also be modelled using a multiplicative su-
perposition of an elastic and a viscous term. Recently, Belnoue et al. [8]
have seen this as an opportunity to build a model for toughened prepreg
under processing conditions which can capture the eﬀects of both
squeezing and bleeding ﬂow. This section provides a brief summary of
the main equations and assumptions made in the model used
throughout this paper. A full description of the model can be found in
Belnoue et al. [8] where all the equations and underlying assumptions
are explained at length.
Belnoue et al.’s [8] framework is based on the multiplicative de-
composition of the apparent viscosity of the prepreg tape η( app), into a
strain and a strain-rate dependent term called ηstrain and ηrate respec-
tively:
= =σ η ε ε ε η ε η ε ε( , )̇ ̇ ( ) ( )̇ ,̇app strain rate (1)
In Eq. (1), σ is the Cauchy stress, =ε h hln( / )0 is the Hencky measure
of strain and =ε h ḣ /̇ is the strain rate with h0 and h being respectively
the initial and current thickness of the prepreg piece under considera-
tion. In order to have the ability to capture potential shear thinning (as
observed in [13]) or shear thickening eﬀects, the strain-rate dependent
term is assumed to follow a power-law [21,22,25] and is deﬁned as:
= −
−
η ε e ε( )̇ ( )̇ ,rate b a (2)
where a and
−
b are material parameters, which can be derived from the
set of compaction experiments described in the previous section. These
parameters describe the viscosity of the resin present in the system.
Fig. 4. Normalised thickness after compaction for both prepreg systems
(adapted from [14]).
Fig. 5. BP IM7/8552 consolidated at 90C (left); BP IMA/M21 consolidated at 90C (right), adapted from [14].
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It is then assumed that at low temperature and low pressure, the
system follows squeezing ﬂow theories (this ensures that the size eﬀects
observed experimentally are captured properly). The existence of
locking, which has been mentioned in the past by a number of re-
searchers, is postulated. Upon locking, the ﬁbre bed reaches a conﬁg-
uration that is such that it cannot deform in-plane (transverse to the
ﬁbres and transverse to the loading direction). This marks the point in
time when the ﬂow mechanism switches from squeezing to bleeding. To
ensure a smooth transition between the two mechanisms and to ease the
convergence of the numerical solution, bleeding was mathematically
represented as squeezing along the ﬁbres (i.e. Stokes ﬂow at the micro-
scale was assumed).
In the model, locking is triggered when the strain in the compaction
direction exceeds the locking strain εl which is derived from considering
the maximum shear rate at the ply edge (γl̇ock) and maximum through-
thickness strain-rate ε( l̇ock), and found to be equal to:
⎜ ⎟= ⎧⎨⎩
− ⎛
⎝
+ ⎞
⎠
⎫
⎬⎭
ε max ln h
w
γ ε2
3
tan( ) 1 , 2
3
l
lock lock
0
0 (3)
The full derivation of Eq. (3) can be found in [8]. The value of εl
varies with temperature, pressure and pressure rate as well as with the
tape dimensions as shown in Fig. 3.
To capture the deformation of prepreg with an anisotropic Stokes
ﬂow, the presented model would have to be deﬁned at sub-ply re-
solution [14]. A ﬁne mesh through thickness of each ply would have to
be used for the numerical solution to be accurate which would make the
model computationally ineﬃcient. To overcome this diﬃculty, a mul-
tiscale approach is used. This leads further to the multiplicatively de-
composition of ηstrain into a component pertaining to the macro-scale
deformation of the tape (ηply) and a term (at the micro scale) expressing
the evolution the inter-ﬁbre channels (ηmicro). Practically, the con-
sideration of two ﬂow mechanisms and the transition between them
means that two expressions (before and after locking) for ηply and
ηmicroneed to be derived. As shown in [8], this is achieved through
micro-mechanical considerations regarding ﬂow direction and re-
arrangement of Rogers’s [11] mathematical expression for the
squeezing ﬂow of ﬁbre-reinforced viscous ﬂuid. The obtained expres-
sions for ηply and ηmicro before and after locking are given in Eqs. (4–7)
respectively.
⎜ ⎟= ⎛
⎝
⎞
⎠
− <η ε w
h
ε ε ε( ) 2 exp( 4 ),ply l
0
0
2
(4)
⎜ ⎟= ⎛
⎝
⎞
⎠
− + ≥η ε w
h
ε ε ε ε( ) 2 exp( 2( )),ply l l
0
0
2
(5)
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⎞
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(7)
where l0 is the ﬁbre length, d is the edge length of square inclusions
equivalent to ﬁbres (noting R the ﬁbre radius, =d πR) and k is the
normalised size of the inter-ﬁbre channel. Parameters χl and χf are the
aspect ratios of a unit cell at locking and at the compaction limits, re-
spectively. These parameters are deﬁned as = −χ εexp( 2 )l l and=χ χ0.7l f (based on the fact that the ﬁbre volume fraction in the un-
consolidated prepreg is close to 50% and achieves at best 70% when the
compaction limit is reached).
Eqs. (1)–(7) deﬁne the constitutive model which will be used in this
paper. It should be noted that the process was assumed to be iso-
thermal. The characteristic loading time in these isothermal processes
was short enough to ensure that the degree of cure and, hence, viscosity
remain constant throughout the loading cycle. Validated cure kinetics
model [16] conﬁrm this assumption. Validated cure kinetics model
conﬁrm this assumption. The diﬀerential Eq. (2) is solved using Matlab
ODE solver ode15s which is suitable for stiﬀ problems. The initial
conditions for the equation were zero strain at the beginning of the
compaction simulation. The solver used an adaptive automatic time
step selection procedure in order to achieve the set tolerance of 10−6. A
further investigation of the time step selection showed that using a
maximum time step of 0.1 s gives the results within 0.1% of the results
obtained with the automatic time stepping but requires a much longer
solution time. The model has only seven input variables: two material
parameters a and
−
b , parameter k which controls the ﬁbre volume
fraction, the ﬁbre radius R, and three geometric parameters, namely
initial ply width, w0, ﬁbre length, l0, and ply thickness, h0. Values of
parameter
−
b in squeezing and bleeding ﬂow are denoted as bsqueezing and
bbleeding. As demonstrated by Belnoue et al. [8], three parameters, a,
−
b
and k, can be extracted from the compaction experiments by ﬁtting the
present model to the compaction curves. For the two material systems
considered here, these parameters were extracted using CP data only
and validated against compaction curves for BP specimens [8]. The
obtained values are given in Tables 1 and 2 respectively. Results of
several compaction tests were analysed to obtain variability of the
parameters, which was described in terms of coeﬃcient of variation
(CoV), equal to ratio of standard deviation and mean value. Conﬁdence
intervals for the parameters can be calculated using this information
and Student’s t-distribution.
Table 1
Model parameters for IM7-8552, CoV (%) in brackets. Data sets consist of four points for each temperature.
T, °C 30 40 50 60 70 80 90
k 0.933 (< 0.1) 0.895 (2.91) 0.860 (2.44) 0.836 (2.03) 0.813 (4.06) 0.801 (1.62) 0.795 (2.01)
a −0.954 (1.12) −0.932 (2.19) −0.909 (5.58) −0.888 (2.05) −0.866 (6.48) −0.844 (5.29) −0.822 (8.57)
−
b (squeezing) −18.15 (0.55) −16.90 (2.62) −15.63 (3.33) −15.18 (1.98) −14.93 (2.61) −14.87 (2.49) −14.98 (4.34)
−
b (bleeding) −34.88 (0.46) −33.63 (1.40) −32.36 (1.48) −31.91 (0.88) −31.66 (1.26) −31.59 (1.04) −31.71 (1.23)
Table 2
Model parameters for IMA-M21, CoV (%) in brackets. Data sets consist of three points for each temperature.
T, °C 30 40 50 60 70 80 90
k 0.96 (2.22) 0.893 (4.51) 0.83 (2.14) 0.805 (0.96) 0.8 (< 0.01) 0.795 (0.63) 0.79 (1.25)
a −0.934 (1.75) −0.818 (1.90) −0.752 (5.47) −0.731 (7.61) −0.752 (8.57) −0.8 (5.28) −0.864 (7.00)
−
b (squeezing) −17.89 (−) −15.78 (0.32) −14.44 (0.91) −13.9 (0.63) −13.84 (5.53) −13.98 (2.46) −14.58 (0.93)
−
b (bleeding) −34.62 (0.74) −32.51 (3.40) −31.17 (1.64) −30.63 (2.22) −30.56 (5.41) −30.70 (3.08) −31.31 (2.35)
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It was assumed that a further increase in temperature does not lead
to the evolution of the parameters and they remain to be equal to the
parameter values at 90 °C. The values of the parameters for arbitrary
temperatures were found by linear interpolation between available data
points. The interpolation was coded in Matlab and the model para-
meters were treated as continuous functions of temperature. The
compaction limit for laminates with an aspect ratio larger than 600 was
set to 4% which corresponds to amount of voids observed in the pre-
pregs in the least compacted state [26]. The degree of cure was assumed
to be negligible during the consolidation stage.
3. Parametric study
3.1. Parametric study of the material model
The model described in the previous section was implemented in
Matlab as the numerical solution of an ordinary diﬀerential equation
and used to assess the eﬀect of model parameter variations. This made
it possible to rank these parameters by their importance and to reduce
the number of parameters used in the Monte Carlo analysis performed
later in this paper. Parametric studies are carried out by varying one
parameter at a time. The sensitivity index was calculated as follows:
= + − − ∙ + − −
= + − −
S p p h p p h p p
h
p
p p p p
h p p h p p
p p h
( , Δ ) ( Δ ) ( Δ )
( Δ ( Δ ))
( Δ ) ( Δ )
2(Δ / )
0
0 (8)
where p is the parameter which is varied, h p( ) is the thicknesses after
compaction with parameter value p.
The parametric studies were run for two diﬀerent parameter var-
iations – small, with 10% of the nominal value of a parameter, and
large, with 50% variation. The baseline parameters and processing
conditions were set to IM7/8552 at 70 °C with pressure increase applied
linearly from 0 bar to 7 bar over 1000 s followed by a hold stage of
10,000 s. The sensitivity indices for small variations of material para-
meters are reported in Table 3. A positive sensitivity index means that
the ﬁnal thickness increases with an increase in the absolute value of a
parameter. A negative value corresponds to a decrease in thickness. The
eﬀects of three of the parameters, namely ﬁbre radius R, ﬁbre length L
and viscosity parameter bbleeding, are negligible on consolidation of
prepreg plies of any aspect ratios and are not given in the Table 3. The
other parameters show signiﬁcant eﬀects on the consolidation with the
parameter k having the highest impact for most of the cases. The aspect
ratio of the plies, i.e. their width to thickness ratio, has a signiﬁcant
eﬀect on the ﬁnal thickness after compaction since squeezing ﬂow is
less important and such plies have very low compaction limit (4%). For
plies with a large aspect ratio, the viscosity parameter has a greater
eﬀect on the ﬁnal thickness while temperature exhibits the opposite
trend.
The sensitivity indices for large variations of geometric and pro-
cessing parameters are given in Table 4. The baseline parameters and
processing conditions were the same as above. It can be seen that
change of the ramp rate and dwell time within 50% does not have a
signiﬁcant eﬀect on the thickness after compaction. The dwell time and
ramp time becomes signiﬁcant only when they vary more than 10
times. The eﬀect of pressure increases with the increase of aspect ratio
while the eﬀect of temperature declines. The eﬀect of the pressure is
also relatively low owing to the long duration of the dwell stage at
which the material is already compacted to some intermediate limit.
Three parameters, namely, ﬁbre radius, R, ﬁbre length, l0, and
viscosity parameter bbleeding, are excluded from the further analysis. The
other model parameters remain relevant for the rest of the paper. The
material parameters for IMA/M21 do not diﬀer signiﬁcantly and the
sensitivity of the model for this prepreg is similar.
4. Variability modelling of simple layups
4.1. Variability of the model parameters
The mean values and CoVs provided in Tables 1 and 2 were ob-
tained using small sets of data. Therefore, a distribution ﬁtted to these
data had low statistical signiﬁcance. Nevertheless, in the absence of
additional data it was assumed that the parameters can be described by
a normal distribution. CoVs across all the available data points for all
the temperatures were averaged and given in Table 5.
The data on the cured ply thickness of IM7/8552 prepregs were
provided by the pre-preg manufacturer (Hexcel) and BAE Systems [27].
The cured ply thickness was measured for each roll of prepreg using 20
samples (280 measurements in total). Distributions of thickness from
individual rolls were close to the normal distribution (Kolmogorov-
Smirnov test and Chi-Squared goodness of ﬁt test [28] did not reject the
null hypothesis) as shown in Fig. 6. Student’s t-test could not reject the
hypothesis that each of the mean values of the thickness in a roll come
from the same normal distribution. Therefore it will be assumed that
the thickness of a ply can be described by a single normal distribution
with a mean of 0.125mm and standard deviation of 2.8× 10−3 mm
(CoV=2.2%). The distribution of the ply thicknesses for all the mea-
sured samples is given in Fig. 7. Weibull distributions have also been
ﬁtted to the experimental data in order to investigate applicability of
alternative distributions. It can be argued that the Weibull distributions
capture slight asymmetry of the histogram of the experimental data but
at the same time the right-tail of the Weibull distribution does not
match the experimental data well and might lead to unrealistically low
predictions of the ply thickness.
Since all the parameters depend on the process temperature, then
for each random temperature the mean values of the material para-
meters were interpolated using the data given in Tables 1 and 2.
However, variability of the material parameters was assumed to be
independent from the variability of temperature. It was found in this
study that the experimental data show that the viscosity parameters a
and bsqueezing are positively correlated. Parameter bsqueezing was simulated
as a dependent variable of a with correlation coeﬃcient of 0.95. All
other material parameters were assumed to be independent of each
other. The process parameters, namely ramp time, dwell time, pressure
and temperature, were assumed to be distributed normally and to have
a CoV of 10%.
The Monte Carlo method was employed for the consolidation model
with parameters given in Tables 1 and 5. The baseline parameters were
selected for one ply of IM7/8552 with dimensions of 100×100mm at
70 °C, with pressure increased linearly from 0 to 7 bar over 1000 s
followed by a 10,000 s holding stage. The distribution of the thickness
of an individual ply with random properties is given in Fig. 8. The mean
Table 3
Sensitivity index S(0.1) for thickness after compaction (IM7/8552).
Dimensions of a ply, mm Aspect ratio a bsqueezing k Initial thickness (h )0 Temperature
0.33× 15×15 45.4 0.14 0.01 2.13 −0.16 −0.12
0.66× 100×100 151.5 0.35 0.03 1.41 −0.11 −0.03
0.33× 100×100 303.0 0.57 0.05 1.17 −0.13 0.02
0.33× 250×250 757.6 0.77 0.09 0.67 < 0.01 <0.01
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value of the thickness after compaction was found to be just 1% lower
than the mean value of initial thickness. It shows that a single ply with
large in-plane dimensions does not deform signiﬁcantly. However, the
distribution of the thickness does not follow a normal distribution
assumed for initial thickness and is skewed towards the higher values.
The CoV of the distribution was found to be 3.2% which is slightly
higher than the variability of initial thickness of single ply. It is worth
mentioning that with no variability in temperature the thickness
variability has CoV of 2.9%.
Assuming the same baseline processing parameters for IMA/M21
prepreg system, the thickness variability was obtained. It was found
that the thickness variability is higher than for IM7/8552 system and its
CoV is equal to 4.6%. The higher CoV is related to the higher aspect
ratio of IMA/M21 plies and hence ability to accommodate higher levels
of compaction. In addition, the thickness distribution for IMA/M21 is
slightly skewed towards higher values.
4.2. Compaction modelling of various layups
An arbitrary layup can be modelled with the presented model, ac-
counting for any number of layers and their arrangement. The case
studies presented below highlight the eﬀect of the stacking sequence on
the variability of the thickness of thick laminates. The variability was
incorporated into the model by assigning random properties to every
layer, assuming that they are independent from each other. This as-
sumption of independence for the ply thickness is based on the ex-
perimental observations of the ply thickness within a batch and be-
tween batches. Although the assumption of independence of other
properties is based on a small data set, it is impossible at present to
draw any other assumptions without a further investigation.
In a model with no variability the layers of the same orientation
blocked together are assumed to behave as a single layer of a larger
thickness i.e. with a larger aspect ratio. In a model with variability the
blocked layers cannot be viewed as a single layer because of their dif-
ferent material properties and possibly variable orientation. However,
it is assumed that the size eﬀect still plays the same role and can be
represented by assigning higher aspect ratio to the blocked plies
keeping other parameters random in every other layer.
The numerical studies were performed on three IM7/8552 layups –
[0°2/90°2]40, [0°4/90°4]20 and [0°8/90°8]10. The processing conditions
were identical for all the layups: temperature 70 °C and pressure line-
arly increased from 0 to 7 bar over 1000 s followed by a holding stage of
10,000 s. All the layers are assumed to have equal temperature and the
process is assumed to be isothermal. The Monte Carlo method as de-
scribed above was applied to the models of the layup. The results of the
Table 4
Sensitivity index S(0.5) for thickness after compaction (IM7/8552).
Dimensions of a ply, mm Aspect ratio Pressure Temperature Ramp time Dwell time
0.33× 15×15 45.4 −0.02 −0.22 <0.01 <0.01
0.66× 100×100 151.5 −0.05 −0.14 <0.01 <0.01
0.33× 100×100 303.0 −0.08 −0.10 <0.01 <0.01
0.33× 250×250 757.6 <0.01 −0.04 <0.01 −0.01
Table 5
CoV of the parameters of IM7/8552 and IMA/M21, %
a bsqueezing k h0 Time Temperature Pressure
IM7/8552 4.47 2.56 2.15 2.2 10 10 10
IMA/M21 5.37 1.79 1.67
Fig. 6. Measured distribution of ply thickness in a roll of IM7/8552 prepreg,
corresponding normal distribution is shown in red. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 7. Measured distribution of ply thickness of IM7/8552 prepreg, corre-
sponding normal distribution is shown in red. (For interpretation of the refer-
ences to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 8. Distribution of thickness after compaction for a single ply (a) IM7/8552
and (b) IMA/M21 (10,000 simulations), corresponding normal distribution is
shown in red. (For interpretation of the references to colour in this ﬁgure le-
gend, the reader is referred to the web version of this article.)
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modelling are given in Table 6. It can be seen that the variability of the
cross-ply laminate with no blocked plies is the lowest due to the lowest
size eﬀect. The variability increases with increasing number of blocked
plies as a result of the size eﬀect combined with variability of proper-
ties. The distribution of thickness after compaction of these thick pre-
preg layups is shown in Fig. 9. It can be seen that an increase in the
number of blocked plies results in a transition from a right-skewed to a
left-skewed distribution. It can be noted that the distribution with fewer
blocked plies is similar to distribution for single plies.
The same case studies with the same baseline processing parameters
were performed for the IMA/M21 prepreg system. The results of the
modelling are given in Table 6. Despite the parameters of both prepreg
systems being quite similar, the variability of both systems is very
diﬀerent. First of all, the overall thickness CoV was 1.5–3.5 times lower
than for the IM7/8552 system for all the presented cases. More im-
portant, thickness variability does not increase with an increase in the
number of blocked plies. This behaviour corresponds to experimental
observations, which proved that size eﬀect is less important in the IMA/
M21 prepreg system. The less pronounced size eﬀect was then ex-
plained by the toughening strategy of the IMA/M21 system where the
toughening particles prevent the plies merging together to some extent.
In turn, this translates to the model for which the aspect ratio of the
layers is less important. The second reason for the lower eﬀect of
blocked plies was the shape of distribution of the single ply thickness.
Since the distribution for IMA/M21 is close to normal then the dis-
tribution of the total thickness haa properties of a sum of normal dis-
tributions, for which the variability decreases with the number of
terms. In contrast, the distribution for IM7/8552 has a distinctive tail
which would result in skewing the total thickness distribution, leading
to a larger CoV.
4.3. Compaction modelling under various processing conditions
Finally, several processing conditions are modelled in this section in
order to investigate their eﬀect on the variability of thickness after
compaction. An IM7/8552 laminate with a [0°4/90°4]20 layup from the
previous section was considered as a baseline and processing para-
meters were changed one by one. The variability of the parameters had
Table 6
Thickness after compaction of the layups, based on 1000 simulations.
IM7/8552 IMA/M21
[0°2/
90°2]40
[0°4/
90°4]20
[0°8/
90°8]10
[0°2/
90°2]40
[0°4/
90°4]20
[0°8/
90°8]10
Baseline 19.30 17.47 16.12 23.43 21.52 19.88
Mean (Std.) 19.26
(0.31)
17.68
(0.40)
16.29
(0.40)
23.59
(0.32)
21.63
(0.17)
19.94
(0.16)
CoV 1.62 2.28 2.46 1.36 0.80 0.79
a b 
c d 
e f 
Fig. 9. (a – f) Thickness distribution of various layups of IM7/8552 and IMA/M21 prepregs (1000 simulations), corresponding normal distributions shown in red.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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the same relative values as in the previous sections. Four additional
regimes were modelled: lower temperature variability (± 0.5 °C),
higher temperature (110 °C), higher pressure (14 bar) and shorter dwell
time (1000 s).
The Monte Carlo method was applied to study the variability in the
selected cases and the results are given in Tables 7 and 8. Results for
IM7/8552 and IMA/M21 showed a very similar response to the changes
in processing parameters. It was found that the processing conditions
that result in higher compaction tend to lead to lower variability in the
thickness. It can be explained as follows: higher levels of compaction
mean that more plies reached their compaction limit, which depends on
fewer variables, while an intermediate compaction stage depends on a
larger set of parameters. Very low variability predicted for the case of
high temperature is due to the assumption of the material parameters
being independent of temperature when it is higher than 90 °C.
5. Discussion
The case studies used in this paper represent the simplest geometries
of ﬂat thick prepreg layups. Therefore, consolidation of these layups
does not result in any changes of the geometry except thickness re-
duction, which makes the thickness after compaction the main para-
meter to study. The parametric studies showed that the parameter re-
lated to the ﬁbre volume fraction has the highest impact on the
thickness after compaction for plies with low aspect ratio (width to
thickness ratio below≈ 500 i.e. feature size larger than 60mm for an
individual ply). The second most important parameter of the model is
the apparent viscosity, the eﬀect of which increases with an increase in
the aspect ratio. An increase in either of these parameters (i.e. having a
higher initial ﬁbre volume fraction or more viscous prepreg) results in
lower compaction levels. Among other parameters, the processing
temperature has the greatest eﬀect, resulting in higher compaction for
higher temperature values. Finally, the higher initial thickness also
results in higher compaction levels, which represents the size eﬀect.
These simple observations agree well with an understanding of the
physics of prepreg compaction and are conﬁrmed by experimental ob-
servations. In particular, the plies with high ﬁbre volume fraction (or
low initial thickness) have a thicker compaction limit i.e. reach full
compaction earlier.
The Monte Carlo method was used to study the stochastic eﬀect of
the parameters’ distributions on the thickness after compaction. In the
absence of large experimental data sets, all the parameters were as-
sumed to follow normal distributions with mean and standard devia-
tions measured experimentally. It was found that IM7/8552 has a
higher CoV than IMA/M21.
The diﬀerence between the two prepreg systems becomes more
apparent when a thick laminate is considered. Several case studies were
performed to illustrate the eﬀect of the layup and processing para-
meters. Using the Monte Carlo simulations and assuming that each of
the laminates is compacted under isothermal conditions, laminates with
various number of blocked plies were modelled. These simulations
showed that the IM7/8552 prepreg system exhibits a notable size eﬀect.
Not only did the ﬁnal thickness of the laminate decrease with an in-
crease in the number of blocked plies, but also the variability of the
thickness increased. The former eﬀect is in line with the experiments,
which indicated that blocked plies of IM7/8552 prepreg tend to behave
like a single ply and hence compact more, because of the higher
thickness-to-width ratio. The higher aspect ratio and asymmetric dis-
tribution of a single ply thickness resulted in a higher scatter of the
thicknesses of individual plies and consequently higher variability of
the laminate thickness. The IMA/M21 system exhibited similar trends
in terms of the overall thickness due to the size eﬀect. However, pre-
dicted variability of the thickness of IMA/M21 laminates was up to 3.5
times lower than for the IM7/8552 system. The diﬀerence between the
systems is twofold: toughening strategy and behaviour of a single ply
under compaction. The diﬀerence between toughening strategies (see
above), governs the behaviour of blocked plies as was observed in ex-
periments [14]. In particular, the layer of toughening particles in the
IMA/M21 system lowered the size eﬀect of blocked plies by eﬀectively
preventing merging of the plies. At the same time, simulations on a
single ply model showed that thickness can be described by a normal
distribution in case of IMA/M21 system, resulting in lower variability of
laminate thickness as the result of a ply thickness distribution with no
extreme values. It should be noted that the amount of data used to
derive the CoV of the material parameters is not signiﬁcant enough to
select the type of distribution reliably and so the choice of the normal
distribution is only a ﬁrst approximation for the data. However, the CoV
of the material parameters was found to be relatively small and
therefore the intervals of the thickness variations (or the maximum and
minimum of the obtained thickness distributions) found in this paper
will be still applicable to data that might follow some other distribu-
tion. It thus makes the comparison between the materials and load cases
applicable to a wider range of distributions.
The compaction model made it possible to study the eﬀect of pro-
cessing parameters on the variability of the ﬁnal thickness. The case
study on a selected layup showed that generally increase of compaction
pressure also leads to a decrease in variability. This decrease is due to
the plies reaching or approaching the compaction limit, which is a
function of the ply geometry and ﬁbre volume fraction only. Therefore,
the variability of other properties becomes insigniﬁcant when the plies
ﬁnally reach their compaction limit. Two other eﬃcient ways of re-
ducing the thickness variability of thick laminates both rely on tem-
perature control. It has been found that the behaviour of both prepreg
systems remains unchanged with increase of temperature above 90 °C.
On the other hand, elevated temperature can be undesirable because of
excessively fast curing leading to temperature overshoot during the
curing. The second option for temperature control suggests that de-
creasing the temperature variability can greatly decrease variability of
the thickness. However, this option needs further investigations and
non-isothermal modelling of the compaction. These ﬁndings outline the
possible strategies for reducing the variability of laminate thickness
after compaction.
Further eﬀort should focus on considering uncertainties related to
the curing process and including them into a coupled cure-compaction
model. Such model would then be able to oﬀer additional insights into
Table 7
Laminate thickness and its variability after compaction at diﬀerent processing
conditions, mm. Baseline: layup IM7/8552 (04/904)20 at 70 °C, pressure of
7 bar, ramp time 1000 s and dwell time of 10,000 s.
Baseline Lower
temperature
variability
(± 0.5C)
Higher
temperature
(110C)
Higher
pressure
(14 bar)
Shorter
dwell
time
(1000 s)
Baseline 17.47 17.47 16.55 16.97 17.73
Mean (Std.) 17.68 (0.40) 17.66 (0.14) 16.70 (0.12) 17.13
(0.36)
18.02
(0.38)
CoV 2.28 0.77 0.70 2.09 2.13
Table 8
Laminate thickness and its variability after compaction at diﬀerent processing
conditions, mm. Baseline: layup IMA/M21 (04/904)20 at 70 °C, pressure of
7 bar, ramp time 1000 s and dwell time of 10,000 s.
Baseline Lower
temperature
variability
(± 0.5C)
Higher
temperature
(110C)
Higher
pressure
(14 bar)
Shorter
dwell
time
(1000 s)
Baseline 21.52 21.52 21.79 21.08 21.98
Mean (Std.) 21.63 (0.17) 21.57 (0.11) 21.89 (0.16) 21.17
(0.11)
22.07
(0.17)
CoV 0.80 0.50 0.75 0.54 0.76
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the ways to control the manufacturing processes.
6. Conclusions
The realistic compaction model proposed by Belnoue et al. [8] was
used for the ﬁrst time in the analysis of variability in the consolidation
of thick laminates made from two toughened prepreg systems. The
diﬀerence between the systems, captured by the experiments on smaller
specimens, manifested itself in a diﬀerence in the compaction model-
ling of thick laminates. It was found that the toughening mechanism in
IMA/M21 reduce the size eﬀect when the plies are blocked together
and, as a result, reduces the variability for certain lay-up conﬁgura-
tions. It is envisaged that the size eﬀect will play a signiﬁcant role in
consolidation of AFP layups where the narrow tapes have a higher
thickness to width aspect ratio.
The case study of various processing conditions provided novel re-
sults regarding the eﬀects of processing parameters on consolidation
and their signiﬁcance for manufacturing highlighting some possible
strategies to reduce the variability by design of the lay-up and the
process. For the IM7/8552 system, which showed a stronger size eﬀect,
one such strategy can be to design a lay-up with fewer blocked plies or
thinner plies. The strategy common for both systems is to ensure the
maximum level of compaction by applying a higher pressure for a
longer time at a high temperature. While some of these changes can be
impractical due to the process or design limitations, the reduction of
temperature variability can be another option. Study of IMA/M21
system showed that an informed choice of the toughening mechanism
can also be used to aid management of variability and in robust design
for manufacture of composite structures.
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